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Photoproduction of the pentaquark particle Θ+ on the nucleon has been studied
by using an isobar and a Regge model. Using the isobar model, total cross sections
around 100 nb for the γn→ K−Θ+ channel and 400 nb for the γp→ K¯0Θ+ pro-
cess are obtained. The inclusion of the K∗ intermediate state yields a substantially
large effect, especially in the γp → K¯0Θ+ process. The Regge approach predicts
smaller cross sections, i.e., less than 100 nb (20 nb) for the process on the neutron
(proton). By using an elementary operator from the isobar model, cross sections
for the process on a deuteron are predicted.
1. Introduction
The observation of the pentaquark Θ+ baryon1 has triggered a great num-
ber of investigations on the production process of this unconventional parti-
cle. In general, these efforts can be divided into two categories, i.e., investi-
gations using hadronic and electromagnetic processes. The electromagnetic
(photoproduction) process is, however, well known as a more ”clean” pro-
cess. Furthermore, photoproduction process provides an easier way to ”see”
the Θ+ which contains an antiquark, since all required constituents are al-
ready present in the initial state2. Other processes, such as e+e− and p¯p
annihilations, would produce the strangeness-antistrangeness from gluons,
which has a consequence of the suppressed cross section3.
Several Θ+ photoproduction studies have been performed by using iso-
1
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bar models with Born approximation4, where the obtained cross section
spans from several nanobarns to almost one µbarn, depending on the Θ+
width, parity, hadronic form factor cut-off, and the exchanged particles
used in the process. Those parameters are unfortunately still uncertain at
present.
In this paper, we calculate the photoproduction cross sections by uti-
lizing an isobar model. Since the production threshold is already high we
compare the results with those obtained from a Regge model. The com-
parison is also very important, since most input parameters in the isobar
model are less known.
2. Formalism
The basic background amplitudes for the processes
γ(k) + n(p)→ K−(q) + Θ+(p′) and γ(k) + p(p)→ K¯0(q) + Θ+(p′)
are obtained from a series of tree-level Feynman diagrams shown in Fig. 1.
They contain the n, Θ+, K−, K∗− and K1 intermediate states in the first
process, whereas in the second process the K¯0 exchange does not present
since a real photon cannot interact with a neutral meson. The K∗ and K1
intermediate states are considered here, since previous studies on KΛ and
KΣ photoproductions have shown that their roles are significant.
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Figure 1. Feynman diagrams for Θ+ photoproduction on neutron γ + n −→ K− +Θ+
(top) and on the proton γ + p −→ K¯0 +Θ+ (bottom).
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The transition matrix for both reactions can be decomposed into
Mfi = u¯(p
′)
4∑
i=1
Ai Mi u(p) , (1)
where the gauge and Lorentz invariant matricesMi are given in, e.g., Ref.
17.
In terms of Mandelstam variables s, u, and t, the functions Ai are given by
A1 = − egΘ
s−m2N
(
QN + κN
mN −mΘ
2mN
)
F1(s)− egΘ
u−m2Θ + imΘΓΘ
×[
QΘ + κΘ
(
mΘ −mN
2mΘ
− i ΓΘ
4mΘ
)]
F2(u)
− CK∗G
TF3(t)
M(t−m2K∗ + imK∗ΓK∗)(mΘ +mN )
, (2)
A2 =
2egΘ
t−m2K
(
QN
s−m2N
+
QΘ
u−m2Θ
)
F˜ +
CK∗G
TF3(t)
M(t−m2K∗ + imK∗ΓK∗)
× 1
(mΘ +mN)
− CK1G
T
K1
F3(t)
M(t−m2K1 + imK1ΓK1)(mΘ +mp)
, (3)
A3 =
egΘ
s−m2N
κNF1(s)
2mN
− egΘ
u−m2Θ
κΘF2(u)
2mΘ
− CK∗G
TF3(t)
M(t−m2K∗ + imK∗ΓK∗)
×mΘ −mN
mΘ +mN
+
(mΘ +mp)CK1G
V
K1
+ (mΘ −mp)CK1GTK1
M(t−m2K1 + imK1ΓK1)(mΘ +mp)
F3(t) (4)
A4 =
egΘκN
s−m2N
F1(s)
2mN
+
egΘκΘ
u−m2Θ
F2(u)
2mΘ
+
CK∗G
V F3(t)
M(t−m2K∗ + imK∗ΓK∗)
, (5)
with gΘ = gKΘN , QΘ = 1, QN = 1 (0) for proton (neutron), κN and κΘ
indicate the anomalous magnetic moments of the nucleon and Θ+, and
M is taken to be 1 GeV in order to make the coupling constants GV,T =
gV,TK∗ΘN gK∗Kγ dimensionless.
The inclusion of hadronic form factors at hadronic vertices is performed
by utilizing the Haberzettl prescription18. The form factors are taken as
Fi(q
2) =
Λ4
Λ4 + (q2 −m2i )2
with q2 = s, u, t , (6)
with Λ the corresponding cut-off. The form factor for non-gauge-invariant
terms F˜ (s, u, t) in Eq. (3) is extra constructed in order to satisfy crossing
symmetry and to avoid a pole in the amplitude19, i.e.,
F˜ (s, u, t) = F1(s) + F1(u) + F3(t)− F1(s)F1(u)
−F1(s)F3(t)− F1(u)F3(t) + F1(s)F1(u)F3(t). (7)
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Since Θ+ is an isoscalar particle, the coupling constants relations read
gKΘN = gK−Θ+n = gK¯0Θ+p , g
V,T
K∗ΘN = g
V,T
K∗−Θ+n = g
V,T
K¯∗0Θ+p
. (8)
The coupling constant gK−Θ+n can be calculated from the decay width of
the Θ+ → K+n by using
Γ =
g2K−Θ+n
4pi
En −mn
mΘ
p , (9)
with p = [{m2Θ − (mK +mn)2}{m2Θ− (mn −mK)2}1/2]/2mΘ. The precise
measurement of the decay width is still lacking due to the experimental
resolution. The reported width1 is in the range of 6–25 MeV. Using the
partial wave analysis ofK+N data Arndt et al.5 found Γ ≤ 1 MeV, whereas
the PDG6 announces Γ = 0.9± 0.3 MeV. Based on this information we use
a width of 1 MeV in our calculation. Explicitly, we use
gKΘN/
√
4pi = 0.39 . (10)
The magnetic moment of Θ+ is also not well known. A recent chiral soliton
calculation9 yields a value of µΘ = 0.82 µN , from which we obtain κΘ =
0.35. Note that in the second channel the Regge model does not depend
on this coupling constant as well as the Θ+ magnetic moment.
The coefficient CK∗ in Eqs. (2)-(5) is introduced since in K¯
0 photopro-
duction the vector meson exchange in the t-channel is K∗0. The coefficient
reads10
CK∗ = 1 for K
−Θ+ [−1.53 for K¯0Θ+] . (11)
The coupling constants gVK∗ΘN and g
T
K∗ΘN are also not well known.
Therefore, we follow Refs. 4,11, i.e., using gVK∗ΘN = 1.32 and neglecting
gTK∗ΘN due to the lack of information on this coupling. By combining the
electromagnetic and hadronic coupling constants we obtain
GVK∗ΘN/4pi = 8.72× 10−2 . (12)
Most previous calculations excluded the K1 exchange, mainly due to the
lack of information on the corresponding coupling constants. Reference4
used the vector dominance relation gK1Kγ = egK1Kρ/fρ to determine the
electromagnetic coupling gK1Kγ , where f
2
ρ/4pi = 2.9 and gK1Kρ = 12 is
taken from the effective Lagrangian calculation of Ref. 14. As in the case of
K∗, the K1 hadronic tensor coupling will be neglected in this calculation
due to the same reason. Following Ref. 4, the K1 axial vector coupling
gVK1ΘN is estimated from an isobar model for K
+Λ photoproduction15 by
using the extracted ratio GVK∗ΛN/G
V
K1ΛN
= −8.26. We note that the same
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ratio is also obtained in Ref. 12 for the model without missing resonance
D13(1895). Therefore, in our calculation we use
GVK1ΘN/4pi = −7.64× 10−3 . (13)
The constant CK1 in Eqs.(3) and (4) is extracted from fitting an isobar
model to the K+Σ0 and K0Σ+ photoproduction data13, i.e.,
CK1 = 1 for K
−Θ+ [−0.17 for K¯0Θ+] . (14)
3. Regge Model
In Regge model one should only use the K− and K∗ (K∗ and K1) diagrams
in Fig. 1 for the γn → K−Θ+ (γp → K¯0Θ+) channel. Hence, the result
from Regge model will not depend on the value of gKΘN and Θ
+ magnetic
moment in the second channel. The procedure is adopted from Ref. 16, i.e.,
by replacing the Feynman propagator with the Regge propagator
PRegge =
sαKi (t)−1
sin[piαKi(t)]
e−ipiαKi (t)
piα′Ki
Γ[piαKi(t)]
, (15)
where Ki refers to K∗ and K1, and αKi(t) = α0 + α
′ t denotes the corre-
sponding trajectory16.
4. Results and Discussion
The differential cross sections obtained from the isobar model in both chan-
nels are shown in Fig. 2. Obviously, both channels show a forward peaking
differential cross section which is due to the strong contribution from theK∗
intermediate state. Previous studies which use only Born terms4 obtained
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Figure 2. Differential cross sections obtained by using the isobar model.
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a backward peaking cross section for the γp→ K¯0Θ+ channel, since in this
case no t-channel intermediate state is included. Figure 2 also demonstrates
that the hadronic form factors are unable to suppress the cross sections at
higher energies.
The strong contribution of the K∗ in both channels can be observed in
Fig. 3, where we can see that the inclusion of this state increases the total
cross sections by more than one order of magnitude. In contrast to the
K∗, contribution from the K1 vector meson is negligible. This fact can be
traced back to the coupling constants given by Eqs. (13) and (14).
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Figure 3. Contribution of the Born terms, K∗- and K1-exchange to the total cross
sections.
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Figure 4. Total cross sections for Θ+ photoproduction off a neutron (left) and a proton
(right) as a function of the hadronic form factor cut-off Λ.
Figure 4 demonstrates the sensitivity of the total cross sections to the
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Figure 5. Differential cross section for Θ+ photoproduction obtained from the Regge
calculation. The corresponding total c.m. energy W is shown in each panel.
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Figure 6. Total cross section for the inclusive Θ+ photoproduction on the deuteron.
choice of the hadronic form factor cut-off. Clearly, a right choice of the
cut-off is very important in this case. For this purpose, we calculate also
the cross sections by using a Regge model. The results are shown in Fig. 5.
Obviously, the Regge approach predicts smaller cross sections than those
obtained from the isobar model. In the case of KΛ and KΣ photopro-
ductions, Ref.20 showed that Regge model works nicely at higher energies
(up to W = 5 GeV) but overpredicts the K+Λ (underpredicts the K+Σ0)
data at the resonance region (W ≤ 2 GeV) by up to 50%. Thus, we would
expect the same result for Θ+ photoproduction. By comparing with the
result obtained from the isobar model, we can conclude that the isobar pre-
diction could overestimate the realistic cross section, especially at higher
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energies, unless a softer hadronic form factor is chosen. This result can
partly explain why the high energy experiments are unable to observe the
existence of the Θ+.
Using the elementary operator of the isobar model we predict the in-
clusive total cross section for Θ+ photoproduction on the deuteron. The
results for both possible channels are given in Fig. 6, where we show the
inclusive total cross section obtained by using an isobar model with Λ = 0.8
GeV. The fact that the K−Θ+ cross section is smaller than the K0Θ+ one
is originated from the elementary process (see Fig. 3).
In conclusion, we have calculated cross sections of Θ+ photoproduction
by using an isobar and a Regge models. The Regge model predicts smaller
cross sections, especially at higher energies.
The work of TM has been partly supported by the QUE project.
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